The application of the variable geometry (VG) wing to a lifting re-entry body is expected to enhance the control capability of its aerodynamic characteristics and, as a result, to widen the corridor for the flight trajectory. In the present study, the flow field around a plain delta wing having three chord-wise hinges, one is on the wing root and the others on both sides of the mid-span of the wing, at Mach number 3 is numerically investigated by solving the Euler equations. The effects of the angle of attack and the "tip-down" bending angles around these hinges are clarified. The results show that the lift-to-drag ratio is hardly affected by the tip-down angle and that the overall lift and drag forces vary almost proportional to the change in the projected wing area by taking the tip-down configuration. The center of pressure moves backward by the tip-down effect.
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Introduction
It is difficult to design a wing shape which has the aerodynamic characteristics of high efficiency in all the flight regimes ranging from low-speed to supersonic/hypersonic speeds. Variable Geometry (VG) seems to be a promising technology to solve such problems. Some aircrafts with VGwing have been successfully developed so far, for example, F-14 1) and XB-70 2) , which have the wings with variable sweep-back angle and unhedral (tip-down) angle, respectively. In the latter case, both sides of the wing tips are bent downward when it flies at supersonic speed.
This "tip-down" device seems to be effective also for the space transportation vehicle of horizontal landing type, because large down-range and cross-range performance can be achieved by high L/D capability of the "tip-down" delta wing in supersonic and hypersonic flight regimes, and lower landing speed can be achieved by setting the wing tips back to the horizontal position and obtaining the maximum plan form area. Such concave configuration of the "tip-down" delta wing is expected to be suitable for riding on the high pressure compressed by shock wave. Moreover, this "tipdown" device is also useful for controlling the pitching motion of the wing. This is explained as the shift of the center of pressure 2) . Therefore the "tip-down" device is expected to act like elevators.
Many researches on the VG devices have been done so far. For example, the wing with variable cambers 3) or variable sweep-back angle 4) have been investigated. But there are no researches on the "tip-down" VG device. Therefore, in this research, we deal with this type of the VG device and consider an application of the VG device for a lifting re-entry vehicle as illustrated in Fig.1 . In our concept, the vehicle has a plain delta wing with three chord-wise hinges, one is on the wing root and the others on both sides of the mid-span of the wing. The wing should be deployed after the peak heating, because the combination of a plain thin wing and chord-wise hinges cannot survive under the severe aerodynamic heating. The configuration should be as simple as possible. In case of the complicated arrangement of the hinges, the mass required for the VG system will become impractically heavy.
The objective of this study is to investigate the aerodynamic characteristics of a delta wing with VG device and to discuss its application to aerodynamic control, in supersonic flight regime by the computational fluid dynamics (CFD).
Analysis Model and Numerical Methods
The analysis model is shown in Fig.2 . Considering the shape of the XB-70 aircraft 2) , the flow around a thin delta wing with the sharp leading edge is numerically analyzed. At present, the body is not included in the analyses. In order to simulate the "tip-down" device, various bent angles are considered. Bending down at the wing root is also considered. Bending angles at the wing root and tips are 0, 10 and 20 degrees. The typical computational grid around the model is shown in Fig.3 . The number of the grid points are 110 × 201 × 60 in the chord-wise, the span-wise, and the direction away from the wing surface, respectively. The convergence of the lift coefficient with respect to the number of the grid points has been investigated. The error of the lift coefficient In the present study, the wing is quite thin and the effect of viscosity is significant only in the thin boundary layer over the surface. The angle of attack is small in the present calculation and no separation occurs in the flow field around the wing. We focus on the effects of the VG device on the aerodynamic characteristics of the vehicle. Therefore, the three-dimensional compressible Euler equations are used as the governing equations for the flow calculation. The SHUS scheme 5) with 3rd-order MUSCL interpolation 6) is used for calculating the numerical inviscid flux. The LU-SGS implicit scheme 7) is applied for time integration, because we only consider the steady state solutions. The computation has been conducted at the free stream Mach number 3 and the angles of attack 0, 2 and 4 degrees. 
Result and Discussion
(1)
where S denotes the reference area of the wing. The reference area is defined as a plan form area projected to the horizontal plane including the center hinge (see Fig.1 ). It should be noted that the reference area decreases when the bending angle increases. As seen in Fig.4 , the aerodynamic coefficients seem hardly affected by the wing bending. This fact means that both the drag and the lift forces decrease with the increase in the bending angle. The patterns of the wing bending are classified into three types as illustrated in Fig.5 . For convenience of the explanation, these are called as Case 1, 2 and 3. In Case 1, only the effect of wing tips bending is considered. Wing root bending is considered in Case 2. Case 3 is defined as the combination of these 2 cases. In other words, both the wing root and the wing tips are bent in Case 3. In order to evaluate precisely the effects of the wing bending, the difference in C L and C D from the result of the nonbending case are calculated and plotted in Fig.6 and 7 , respectively. Considering from Fig.6 , the increments of the lift coefficient are positive in all cases. But result of Case 3 is less than the sum of that of Case 1 and 2, although Case 3 is a combination of Case 1 and 2. For example, δC L at ψ = 10deg, φ = 10deg is less than the sum of δC L at ψ = 0deg, φ = 10deg and that at ψ = 10deg, φ = 0deg. By contrast, the increments of the drag coefficient, which are shown in Fig.7 , show different characters from that of the lift coefficient. In some results, namely, Case 1 with ψ = 0deg, φ = 10deg, Case 2 with ψ = 10deg, φ = 0deg, and Case 3 with ψ = 10deg, φ = 10deg, δC D in Case 3 is the smallest of those in Case 1 and 2. Moreover, δC D becomes negative in some results of Case 3. This means that the drag force is reduced by bending the wing in the tip-down direction.
The chord-wise distributions of the lift and drag forces are shown in Fig.8 and 9 , respectively. Definition of the coordinate system is shown in Fig.2 Finally, the effect of the wing bending on the location of the center of pressure is discussed, which is illustrated in Fig.11. In Fig.11, M. A.C. in the label of the vertical axis stands for the mean aerodynamic chord, which is defined as Figure  11 shows that the center of pressure shifts backward in all cases of bending. This shift can be explained as follows: by bending the wing, the center of drag force shifts downward compared to that for non-bending. This shift means that the moment arm from the center of drag forces to the origin of the coordinate system O becomes farther, as illustrated in Fig.12 . On the other hand, lift and drag forces are hardly affected by the bent angle. Therefore, total pitching moment in a head-down direction increases, because the pitching moment due to drag increases and that due to lift hardly changes. As a result, the center of pressure shifts backward so that the resultant force can be balanced with the pitching moment. This means that there are some application possibilities to control the pitching motion of the wing. Elevators is generally used to control the pitching motion of the aircraft. But operating this device causes the reductions of the lift and drag coefficients. On the other hand, the wing with "tipdown" devices can control its pitching motion without any reductions of the aerodynamic coefficients. Therefore, bending the wing is more useful for controlling the pitching motion than operating the elevators.
Concluding Remarks
Aerodynamic characteristics of VG devices are investigated by the CFD. All the aerodynamic coefficients are hardly affected by the wing bending. Minor augmentation in L/D is confirmed in the result. This is mainly due to the decrease of the drag rather than the increase of the lift. The center of pressure is also affected by wing bending and it shifts backward. This means that there are some application possibilities to control the pitching motion of the wing. This study shows that the effect of the wing bending is useful for applying to the control of the pitching motion rather than modifying the lift and drag coefficients. 
